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ABSTRACT

A new three-dimensional numerical program incorporated with

comprehensive real gas property models has been developed to sim-

ulate supersonic reacting flows. The code employs an implicit finite

volume, Lower-Upper (LU) time-marching method to solve the com-

plete Navier-Stokes and species equations in a fully-coupled and very

efficient manner. A chemistry model with nine species and eighteen

reaction steps are adopted in the program to represent the chemical

reaction of H2 and air. To demonstrate the capability of the program,

flow fields of underexpanded hydrogen jets transversely injected into

supersonic air stream inside the combustors of scramjets are calcu-

lated. Results clearly depict the flow characteristics, including the

shock structure, separated flow regions around the injector, and the

distribution of the combustion products.
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ANALYSIS

• 3D Navier-Stokes and N,-1 species equations.

• Brabbs' finite rate chemistry model.

- 9 species: H2, H, OH, H20, O, Oz, H02, H202, and N_.

- 18 reaction steps.

• Implicit treatment of source terms in species equations.

• No source term in energy equation for either exothermic or

endothermic reactions.

• Temperature and pressure are calculated iteratively from the

following equations:
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NUMERICAL SCHEME

• Time-marching LU scheme.

• Implicit treatment of source terms.

0 0 a
c_Q + (E ,_ + A'_AQ) + (F" + B_'AQ) + ( G'_ + C'_AQ)0-7 _ _

'_ DF_ OV_ H '_ T n AQDE. + _ + _ + +
- Ox Oy Oz

OE OF cOG T- OH

A=-_, B=-5_, C-aQ, OQ

A=A++A -

B=B++B -

C=C+ +C -

A + -- 0.5(A + "IAI)

A- = 0.5( A - "IA I)

B + = 0.5(B + _B1)

B- = o.5(B- -y.I)
C+ = o.5(C + _cI)

c- = o.5(c - _oI)

"_A>_maxCl_AI)

"}'B > max(l'_B l)

uc > max(I,_cl)

[I + At(D_A + + D+A- + Dy B+ + D+B- + D-zC+ + D+C- -T)] AQ

= AtRHS

aE _ OF_ aG" OE", OF: OG_ H_
RHS - a_ av a--;-+ 0--7-+ a--g-+ o--g+

47



NUMERICAL SCHEME

• Two operators for 3D calculation.

• Operation count comparable to explicit schemes.

At At At )N = 1 + _xx'TA +. _yh'B + k-zh'C+ [
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PROGRAM VECTORIZATION

• LHS can be vectorized on planes normal to the sweeping direc-
tion.

Computational Domain
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CONVERGENCE HISTORY

• Coarse grid (30x25x30)
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• Present calculation:

- Residuals reduced by 4 orders of magnitude.

- Single injection case: (61x39x43) 8 MW, 5 hrs on Cray 2.

- Dual Injection case" (81x39x43) 11 MW, 6 hrs on Cray 2.
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GEOMETRY AND FLOW CONDITION

U erexpanded Jet _ "_9"c)_

Mj = i

.j_l"

NFS = 2.O7

_o=_,0k_a 0=_,_FS PFS U2S
,o = 298 K
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Mach Number
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